Lycium ruthenicum Murray (black wolfberry) is an important economic plant producing black fruit with high anthocyanin content. The transcriptome of its fruits was compared with that of Lycium barbarum L. (wolfberry), which produces orange-red fruits, with its pigmentation depending largely on carotenoids, with the aim of identifying the key genes responsible for anthocyanin accumulation through RNA sequencing. A total of 32.05 and 28.52 Gb clean reads was obtained after filtering in L. barbarum and L. ruthenicum respectively. Altogether 192,869 unigenes were assembled with an average length of 1064 bp. These unigenes were predicted to encode 152,209 specific proteins with the help of protein databases. Compared with L. barbarum, 733,070 genes were upregulated while 25,779 genes appeared downregulated in the fruits of L. ruthenicum. The genes of the anthocyanin biosynthesis pathway exhibited more differences between the two species than did those of any other biosynthetic pathway. All structural genes in connection with anthocyanin biosynthesis had higher expression level in L. ruthenicum than in L. barbarum, except F3′H and 3GT. The downregulation of F′H and 3GT in L. ruthenicum would be responsible for the absence of cyanidin and glycosylation in this species. The MYB and bHLH genes regulating anthocyanin biosynthesis also displayed higher transcript levels in L. ruthenicum than in L. barbarum, especially the MYB transcription factor gene, which should be the reason for the activation of the anthocyanin biosynthesis structural genes. More work should be carried out to isolate the MYB and bHLH transcription factor genes, and to confirm their functions in producing the pigments found in the black fruits of L. ruthenicum.
LYCIUM RUTHENICUM Murray, a traditional Chinese herb mentioned in the Tibetan medical classic Jing Zhu Ben Cao, has been used for thousands of years in Northwest China for heart disease, abnormal menstruation and menopause 1 . The specific physiological features of drought resistance and salt tolerance also render it an ideal plant for preventing soil desertification and withstanding soil salinity and alkalinity; these are significant features for maintaining the ecosystem and agriculture in remote areas 1, 2 . Anthocyanin content can reach 3.1% (w/w) in the dried fruits of L. ruthenicum. Petunidins take up 95% of the total anthocyanin, while delphinidins and malvidins comprise the remaining 5% (ref. 1) . Anthocyanins have been suggested to confer antiinflammatory, antimutagenic, anticarcinogenic and antibacterial properties as well as hepatotoxicity and the induction of apoptosis in humans [3] [4] [5] . Pharmacological experiments have proved that the fruits have antifatigue, antihypoglycaemic and antioxidant properties 1, 6, 7 . Though the chemical components and pharmacological properties have been studied by some researchers, the molecular basis of high anthocyanin content in the fruits of L. ruthenicum remains unclear.
The anthocyanin biosynthesis pathway has been studied in terms of model plants for decades. Anthocyanin biosynthesis involves first producing p-coumaric acylCoA from phenylalanine in three enzymatic steps. One molecule of p-coumaric acyl-CoA plus three molecules of propylene acyl-CoA in the presence of chalcone synthase (CHS) generate chalcone. Under the catalysis of chalcone isomerase (CHI), chalcone is quickly isomerized to naringenin (flavanone), which in turn is converted into dihydrokaempferol by flavonoid-3-hydroxylase (F3H). Then dihydrokaempferol is converted by two enzymesflavonoid-3′-hydroxylase (F3′H) and flavonoid-3′,5′-hydroxylase (F3′5′H) -to dihydroquercetin and dihydromyricetin, independently. F3H, F3′H and F3′5′H belong to the cytochrome P450 superfamily. The products of these three hydroxylases, F3H, F3′H and F3′5′H, are the direct precursors in the synthesis of anthocyanin. Leucoanthocyanidin dioxygenase (LDOX) catalyses the conversion of colourless leucoanthocyanidins to coloured anthocyanidins, and hence it is transformed from a white to a coloured flower [8] [9] [10] . Then, different glycosylation enzymes begin to operate, generating diversified anthocyanin. In general, the anthocyanin biosynthesis pathway is regulated by V-myb avian myeloblastosis viral oncogene homolog (MYB), basic helix-loop-helix (bHLH) and WD40 proteins 10, 11 . Comparative analysis of anthocyanin accumulation has been carried out in L. ruthenicum fruits through real-time polymerase chain reaction (RT-PCR), but genes in relation to anthocyanin biosynthesis were assembled from the transcriptome database of a leaf 12 , which implies that some genes expressed specifically in the fruits would be missed. Moreover, Lycium barbarum L. and L. ruthenicum belong to different species of the genus. Therefore, it is necessary to make a comparison between the sequences of structural genes and regulatory factors in the fruits of L. barbarum and L. ruthenicum, and then compare their transcript levels. Next-generation sequencing technology (NGS) has proved to be a powerful and economical tool for genome sequencing, genome resequencing, mRNA expression profiling and DNA methylation analysis. Currently, de novo transcriptome sequencing has been widely employed in light of functional gene discovery in nonmodel organisms for which reference genome information was lacking 13 . In addition, this approach has also made possible the analysis of gene expression profiling with the quantification of short cDNA reads [14] [15] [16] . In the present study, RNA sequencing (RNA-seq) using NGS has been employed to compare the transcriptome differences in L. ruthenicum and L. barbarum fruits so as to identify the key genes responsible for high anthocyanin content in L. ruthenicum fruits.
Methods

Plant material
L. barbarum cv. Ningqi 7 and L. ruthenicum cv. LMH1 are the type cultivars widely planted in Qinghai, China. The two cultivars were maintained as germplasm resources in the Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining, Qinghai, China. The fruits were collected 10 days after flowering ( Figure 1 ) and stored at -80°C prior to mRNA extraction. Two mRNA samples were extracted from the fruits of each species. Total RNA was extracted from the fruits employing the Tiangen RNAprep Pure Plant Kit (Tiangen, China) in accordance with the manufacturer's protocol. Electrophoresis on a 1.0% (w/v) agarose gel checked the quality of total RNA, while the concentration of total RNA was determined by NanoDrop (Thermo Scientific, Wilmington, DE, USA).
Illumina sequencing
The four cDNA libraries (two from each of the two Lycium species) of the LMH1 and Ningqi 7 fruits were prepared according to the manufacturer's instructions for mRNA-Seq sample preparation (Illumina Inc, San Diego, CA, USA). The cDNA library products were analysed using Illumina paired-end sequencing technology with read lengths of 100 bp, and a Illumina HiSeq 2000 instrument (BGI Technologies Co, Ltd, Shenzhen, China).
Sequence data filtering, de novo assembly and annotation
The original data from the images were assembled with Illumina GA Pipeline 1.6 by removing low-quality reads (reads with unknown sequences N, adaptor sequence fragments and empty reads). Next, de novo assembly of the transcriptome into unique-sequence unigenes was processed using Trinity software, a short-read assembly program 17 . In short, Trinity integrates reads with certain lengths of overlap to form longer fragments or contigs in the first place. Then the reads are mapped back to contigs, and with paired-end reads, it becomes possible to detect contigs from the same transcript as well as the distance between these contigs. Finally, Trinity connects the contigs, and generates sequences that can be extended on either end. Such sequences are defined as unigenes 17 . Later, a Basic Local Alignment Search Tool (BLAST) BLASTx alignment (e-value < 0.00001) was carried out on the unigenes from protein databases, involving NCBI non-redundant protein(Nr), NCBI (National Center for Biotechnology Information) nucleotide sequence (Nt), Swiss-Prot, Kyoto Encyclopaedia of Genes and Genomes (KEGG), Cluster of Orthologous Groups of proteins (COG), Interpro and Gene Ontology (GO). Also, the best alignments were employed to determine the sequence direction of the unigenes. If the results from the different databases showed a conflict between one another, an order with priority of Nr, Swiss-Prot, KEGG and COG was followed to decide the sequence direction of the unigenes. When a unigene was not involved in any of the above-mentioned databases, the software ESTScan was employed to calculate its coding regions and decide its sequence direction 18 . In the final step, with Nr annotation, the Blast2GO program was used to obtain the GO and KEGG annotations for the unigenes 19 . After the GO annotation was obtained for each unigene, WEGO software was used to categorize them in light of their functions and to determine the distribution of gene functions in the species at the macro level 20 . A Venn diagram of the annotation proteins was drawn using the on-line software Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
Analysis of differential gene expression
To map the differential gene expression (DGE) reads, the sequenced raw data were filtered to remove low-quality reads. For annotation, clean read sequences were mapped to the transcriptome reference database, with no more than a two-nucleotide mismatch allowed 17, 21 . Gene coverage refers to the percentage of a gene covered by reads. This value is identical to the ratio of base number in a gene covered by unique mapping reads to the total base number of that gene. Concerning gene expression analysis, the number of expressed sequences was calculated and normalized to the number of reads per Kb per million reads (RPKM).
To compare the distinctions in gene expression, the read frequency in each DGE library was analysed using a statistical approach according to the method of Audic and Claverie 22 . We used a false discovery rate (FDR) <0.001 as well as an absolute value of the log 2 ratio >1 as threshold to judge the statistical significance of the gene expression differences 23 . Next, the genes expressed differentially were subjected to GO and KEGG Ontology (KO) enrichment analysis 24 . The genes related to anthocyanin biosynthesis in KEGG pathways were collected and aligned to the unigenes from a transcriptome mixture of the fruits from Ningqi 7 and LMH 1, by means of the BLASTX algorithm with an E-value of < 1e -5 . The selected genes were: phenylalanine ammonia-lyase (PAL), 
Results
Sequencing and sequence assembly
RNA-seq enables rapid access to all transcripts from biological tissues, in a way which is efficient and convenient. After sequencing with Illumina HiSeq 2500, 403.94 million reads were obtained in the original data from the four samples and 60.57 GB (Phred quality score Q20 > 97.72%) of valid data was acquired after removing low-quality reads. Trinity software was used to link the valid data to 192,869 unigenes with a total of 205,220, 696 bp. The average length of each gene was 1064 bp and the length of N50 was 1831 (Table 1) . (Figure 2) . Both L. barbarum and L. ruthenicum are part of the Solanaceae family to which potato, tobacco and tomato also belong, and the predicted proteins were highly homologous to these species.
Summary of annotation results
BlastX
The number of common proteins existing in both Black 1 and Black 2 (LMH 1) and Red 1 and Red 2 (Ningqi7) was 52,143, accounting for almost one-third of the 152,209 Lycium proteins. There were 25,891 speciesspecific genes in L. ruthenicum, compared to 16, 636 expressed in L. barbarum (Figure 3 ). These Lycium-specific genes should include those determining the production of different pigments in fruits of. L. ruthenicum and L. barbarum.
Analysis of differentially expressed genes
To identify the differentially expressed unigenes between Ningqi 7 and LMH 1, putative differentially expressed unigenes were identified on basis of the fragments per kilobase million (FPKM) values calculated from the read counts mapped onto the reference transcriptome. A total of 58,849 unigenes were differentially presented between Ningqi 7 and LMH 1, according to the comparison of expression levels with FDR ≤ 0.001 and |log2 ratio| ≥ 1 (Figure 4) . The highest log2 ratio value reached 14.58, while the lowest value was -13.16. Using Ningqi 7 as a reference, 33,070 upregulated unigenes (with higher levels of expression in LMH 1) and 25,779 downregulated unigenes (with higher levels of expression in Ningqi 7) were identified. Significantly more unigenes were upregulated in LMH 1 than in Ningqi 7.
The genes were classified into three classes. Red genes were upregulated if gene expression of LMH 1 was higher than that in Ningqi 7. Blue genes were downregulated if gene expression of Ningqi 7 was higher than that in LMH 1. Black genes were not differentially expressed. The horizontal coordinates in Figure 4 refer to the average FPKM value (A) and the vertical coordinates refer to the log 2 ratio (M). Unigenes were divided into three categories, namely cellular components, molecular functions and biological processes.
GO functional classification of differentially expressed unigenes
KEGG pathway mapping of differential expression unigenes
A total of 72,719 DEGs were annotated and 36,607 were mapped onto 136 pathways in the KEGG database. Majority of the DEGs were involved in metabolic pathways (8151), biosynthesis of secondary metabolites (4525), plant-pathogen interaction (1697) and RNA transport (1693). However, these pathways contain many unigenes, which indicates that they do not exhibit the largest number of changes. According to the Q value, the most differentially expressed pathway was plant hormone signal transduction (1157 DEGs/2007 unigenes), followed by circadian rhythm-plant (332/559), flavonoid biosynthesis (220/367), anthocyanin biosynthesis (51/71) and carotenoid biosynthesis (214/359) (Supplementary Table 1 ). Flavonoid, anthocyanin and carotenoid biosynthesis were listed as the pathways with the largest number of changes. 
Expression profile of genes associated with anthocyanin biosynthesis
In the transcriptomes from Ningqi 7 and LMH 1, 31 unigenes were found to be associated with anthocyanin biosynthesis. Though 13 genes relevant to anthocyanin biosynthesis were employed in the Blastx analysis, only PAL, C4H, C4L, CHS, CHI, F3H, F3′5′H, DFR, LDOX, MYB and bHLH have homologous genes in the assembly unigene database (Table 3) . Genes homologous to F3′H and 3GT were not found in the unigene database from Ningqi 7 and LMH 1. All the anthocyanin biosynthesis structural genes had higher expression levels in LMH 1 than in Ningqi 7 (Table 3) , which indicates that anthocyanin biosynthesis was higher in LMH 1. MYB was expressed more in LMH1 than in Ningqi 7, with the highest log2 ratio value 12.40634 in CL10341.Contig2 (Table 3) . For bHLH, two unigenes showed higher expression levels in LMH 1 than Ningqi 7, while two unigenes displayed higher expression levels in Ningqi 7 than in LMH1.
Discussion
L. ruthenicum and L. barbarum belong to the Lycium genus of the Solanaceae family, which shows that they are closely related. As a result, one-third of the transcripts of genes from ripe fruits are identical with Ningqi 7 and LMH 1. Thus RNA-seq is appropriate for comparison of different expressions of species-specific genes during fruit development of L. barbarum and L. ruthenicum. Generally, L. ruthenicum accumulates higher anthocyanin content in the fruits, while L. barbarum contains higher levels of carotenoids (primarily astaxanthin, betacarotene and zeaxanthin). In transcriptome analysis, the KEGG pathways, viz. plant hormone signal transduction, circadian rhythmplant, flavonoid biosynthesis, anthocyanin biosynthesis, and carotenoid biosynthesis showed the greatest differences between the two Lycium species. The plant hormone signal transduction pathway covers the signal transduction pathways of jasmonate, salicylate, auxin, brassinosteroid, cytokinin, gibberellin, abscisic acid and ethylene. These plant hormones are believed to regulate fruit development and shape [25] [26] [27] [28] [29] [30] [31] . The circadian rhythmplant pathway belongs to environmental adaptation. The two pathways are not directly related to secondary metabolism. It is possible that they can indirectly regulate the anthocyanin or carotenoid biosynthesis. Anthocyanins belong to the flavonoid family of compounds. The high expression level in the flavonoid and anthocyanin biosynthesis pathway should be the reason for high anthocyanin content in the fruits of L. ruthenicum cv. LMH 1. Changes in the carotenoid biosynthesis pathway are responsible for the high carotenoid content in fruits of L. barbarum cv. Ningqi 7.
Previous studies have suggested the presence of malvidin, petunidin and delphinidin in the fruits of L. ruthenicum, but not cyanidin. Petunidins comprised 95% of the total anthocyanin in the fruits of L. ruthenicum, while delphinidin and malvidin comprised the remaining 5% (ref. 1). In the anthocyanin biosynthesis process, F3H catalyses flavanone to dihydrokaempferol. The dihydrokaempferol is hydroxylated by F3′H to produce dihydroquercetin, which is the precursor of cyanidin. The dihydrokaempferol could also be hydroxylated, by F3′5′H, to form dihydromyricetin, the precursor of delphinidin, petunidin and malvidin 12 . F3′H has not been detected in the assembly unigenes, while the F3′5′H presented a high expression level (32138.07 RPKM) in the transcriptome analysis, which could be the reason for the high petunidin content but lack of cyanidin in the fruit of L. ruthenicum cv. LMH (ref. 1). Moreover, most of the anthocyanins in L. ruthenicum are acylated by coumaric acid 1 . Consequently, the 3GT gene, which achieves acylation of anthocyanin by glucosides, could not be detected in the assembly unigenes database.
All structural genes of anthocyanin biosynthesis had higher transcription rates in LMH 1 than in Ningqi 7 in transcriptome analysis. It is well known that the MYB and bHLH genes are regulators of the entire anthocyanin biosynthesis pathway, and their transcription can lead to the wholesale expression of anthocyanin biosynthesis structural genes 10, 11 . The low level of transcripts of MYB and bHLH in L. barbarum could explain the low expression of structural genes associated with anthocyanin biosynthesis in Ningqi 7. The functional loss of MYB or bHLH can impede the whole anthocyanin biosynthesis pathway, and cause pale fruit phenotypes in apple, peach, and tomato [32] [33] [34] . In this case, more experiments are necessary to decide the key regulatory gene for high anthocyanin content in L. ruthenicum.
Conclusion
The transcriptome of its fruits was compared with that of Lycium barbarum L., wolfberry. All structural genes related to anthocyanin biosynthesis had higher expression level in L. ruthenicum than in L. barbarum, except F3′H and 3GT. The MYB and bHLH genes regulating anthocyanin biosynthesis also had higher transcript levels in L. ruthenicum than in L. barbarum, especially the MYB transcription factor gene. Therefore, the low level of transcripts of MYB and bHLH in L. barbarum should be the reason for the activation of the anthocyanin biosynthesis structural genes.
